Abstract: We report on high-peak-power and nanosecond pulse generation at 1120 nm with a simple all-fiber configuration, which is composed of a 1120-nm linear cavity and a 1064-nm master oscillator power amplifier. The 1120-nm laser is pumped by the selfpulsed ytterbium-doped fiber master oscillator power amplifier configuration, in which the 1064-nm pulse generation is accomplished through the self-gain switching process. The average peak power of 1120-nm pulses is calculated to be about 4.5 kW after the optical filter, and more significantly, the average pulse width at 1120 nm is about 1-2 ns, which is shorter than those reported before.
Introduction
High power fiber lasers operating beyond 1100 nm, which mainly include Raman fiber lasers and Yb-doped fiber lasers (YDFLs), have attracted worldwide attention for various applications, such as pumping Raman fiber amplifier for laser guide star generation, frequency conversion, pumping the Tm-doped and Tm-Ho-codoped fiber laser [1] - [4] . Most of the aforementioned cases require pulsed operation with high peak power in order to obtain the better frequency conversion efficiency. However, due to the strong gain competition resulted from the short wavelengths of 1030-1100 nm, which possess much larger emission cross sections [5] , the extracttable pulse energy or the peak power for a pulsed YDFL operating beyond 1100 nm is limited by the amplified spontaneous emission (ASE) in the time gap between the pulses [6] .
In recent years, different types of pulsed fiber lasers operating beyond 1100 nm have been already developed. In 2005, Feng et al. reported a novel self-pulsed 1178-nm fiber Raman master oscillator power amplifier configuration [7] . In this configuration, the oscillator and amplifier share the same Raman pump source and hence couple with each other. As a result, selfpulsing can be obtained in certain conditions. For the pulsed YDFLs working around 1120 nm, by employing the hybrid Q-switching mechanism which was accomplished by a combination of free-space acoustic-optical modulator (AOM) and distributed stimulated Brillouin scattering in the gain fiber, Fan et al. realized high peak power and high-energy pulsed fiber laser with a tunable wavelength range from 1080.8 nm to 1142.7 nm [8] . Maximum peak power of 175 kW and single-pulse energy of 1.57 mJ were obtained with the output pulse duration of about 4.2 ns. Recently, based on the gain switching process, Zhang et al. realized a pulsed YDFL operating at 1120 nm, which is hybrid-pumped by a 1064-nm pulsed fiber source and a continuous-wave 976-nm laser diode [9] . The output pulse energy is about 91.7 J at the repetition rate of 10 kHz, and the pulse width is about 4 s.
Here, due to the quite powerful amplifying capability of the ytterbium-doped fiber in the wavelengths of 1030-1100 nm, we can employ the self-pulsed scheme in [7] but use the ytterbiumdoped fiber instead, to generate high peak power 1064-nm pulses, and then obtain the 1120-nm pulses through the stimulated Raman scattering (SRS) process. In this way, we report on high peak power nanosecond laser generation at 1120 nm with a simple ytterbium-doped all-fiber configuration in this paper. The whole experimental system consists of two parts: the 1120-nm linear cavity and the 1064-nm master oscillator power amplifier configuration. Generation of 1120-nm pulse is accomplished by the SRS of 1064-nm pulse, which is obtained through the self-gain switching process in the master oscillator power amplifier configuration (the amplifier plus the 1064-nm laser cavity), and then amplified by both the Raman and ytterbium gains. The whole system is pumped by only one continuous-wave 976-nm laser diode. The average peak power of the 1120-nm pulses is calculated to be about 4.5 kW, and the average pulse width at 1120 nm is about 1$2 ns.
Experimental Setups
The experimental setups are illustrated in Fig. 1 . Fig. 1(a) presents the experimental configuration designed to study the process of 1064-nm pulse generation. In this configuration, the reflectivity of the high-reflectivity fiber Brag grating (HR1 FBG) in the 1064-nm laser cavity is > 99.8%, and the reflectivity of the low-reflectivity fiber Brag grating (LR1 FBG) is about 10%. Both of the FBGs work at 1064 nm with the 3 dB bandwidth of 1.9 and 1.1 nm, respectively. Fig. 1(b) shows the experimental configuration employed to obtain the 1120-nm pulses. For the sake of simplicity of the configuration, we employ the hybrid-cavity configuration so that the 1120 and 1064-nm laser signals could share the same ytterbium-doped fiber together. In the second configuration, the hybrid-cavity part is made up of two linear laser cavities operating at 1064 nm Experimental configuration employed to obtain the 1120-nm pulses. YDF 1 and 2: ytterbium-doped fibers in the amplifier and laser cavity part, respectively; LD: laser diode; HR1 and LR1: the high and low-reflectivity FBGs operating at 1064 nm; EIL: the effective interaction length; HR2 and LR2: the high and low-reflectivity FBGs operating at 1120 nm. Both two ends of the system are 8 angle cleaved.
and 1120 nm, respectively. For the 1120-nm laser cavity, the reflectivity of the high-reflectivity FBG (HR2) is the same with that in the 1064-nm laser cavity, and the low-reflectivity FBG (LR2) has a reflectivity of 50%. Both of the FBGs (HR2 and LR2) in the 1120-nm laser cavity operate at 1120 nm, and the 3 dB bandwidths of them are 1.4 and 0.4 nm, respectively. Moreover, the relative position for each FBG in the hybrid-cavity part is shown in Fig. 1(b) , and it should be noted that the main difference between the 1064 and 1120-nm laser cavities is that the HR2 is located between the amplifier and hybrid-cavity part, exactly opposite to the HR1. As a result, the amplifier interacts mainly with the 1064-nm laser cavity, giving rise to the self-gain switched 1064-nm pulses (which will be explained in detail in the following section), and then, the 1064-nm pulse is employed to boost up the 1120-nm pulse through the stimulated Raman scattering. For both two configurations, the same ytterbium-doped fibers (YDF) with nominal cladding absorption of 4 dB/m are used as the gain mediums in both the amplifier and master oscillator, and the diameters of the core and inner clad are 10 and 130 m, respectively. The lengths of YDFs in the amplifier and master oscillator are 4 and 3 m, respectively. A ð2 þ 1Þ Â 1 combiner is employed to combine the 976-nm laser diode and the YDF in the amplifier together. All the components are fuse-spliced to form the all-fiber configuration, and both two ends of the whole system are 8 angle cleaved to eliminate the end-face feedbacks. A pump dump between HR1 (LR2) and the YDF in the master oscillator is used to strip the residual pump light. In order to resolve the 1064 and 1120-nm lasers, we employ two different 1064 and 1120-nm optical filters of which the 3 dB bandwidths are 4 and 10 nm respectively. The transmissivities for the 1064 and 1120-nm filters are about 0.9 and 0.8, respectively. Besides, one 5-GHz detector and a 1-GHz oscilloscope are applied to monitor the temporal traces of the system output.
Self-Gain Switched 1064-nm Pulse Generation
In order to elucidate the process of 1064-nm pulse generation, we study the 1064-nm MOPA without the 1120-nm laser cavity first. The experimental configuration is depicted in Fig. 1(a) . The qualitative picture of the interaction between the amplifier and 1064-nm laser cavity can be interpreted as follows: Once the 1064-nm laser operates adequately, the forward laser output at 1064 nm enters into the amplifier and depletes the backward pump power, immediately leading to reduction of the pump power entering into the laser cavity; likewise, if the pump light entering into the laser cavity is suppressed, the forward laser output power at 1064 nm will be cut down, then giving rise to the recovery of the pump power entering into the laser cavity. In the case of sufficient pump power, the aforementioned gain switching process will repeat endlessly and hence make the temporal laser output of the 1064-nm laser cavity present self-pulsed dynamics, which is similar to the dynamics observed in the self-pulsed fiber Raman master oscillator power amplifier system in [7] . However, due to the difference between the characteristics of ytterbium and Raman gains, the temporal characteristics of the 1064-nm laser output is clearly different from the dynamics observed in [7] , and will be presented next. Moreover, it should be noted that all the data presented in this section are measured from the output port of the system, as defined in Fig. 1(a) .
The operating threshold of the 1064-nm laser (1064-nm laser threshold) is about 1.2 W. By using the 1064-nm filter, we have studied the dynamics of the 1064-nm laser output at the different pump powers. When the pump power is just above the laser threshold, dynamics of the 1064-nm laser presents as a train of irregular pulses with the pulse width in the microsecond range, which is similar to the experimental results observed in [10] and can be attributed to the sustained relaxation oscillation in the laser [11] . As the pump power increases continually up to 1.5 W, there are some intensity spikes, with extremely high intensity amplitude relative to the relaxation-oscillation pulses, starting to emerge in the time evolution of the 1064-nm laser output. Furthermore, there is an increasing number of laser spikes as the pump power increases. The time separation between two adjacent spikes, corresponding to the recovery time of inversed population in the upper laser level, is about hundreds of microseconds and keeps decreasing with the increase of pump power. Fig. 2 (a1)-(a3) presents the time evolutions of the 1064-nm laser output for different pump powers, and Fig. 2(b) shows the optical spectrum obtained from the output port of the system without any filters at the pump power of 2.0 W. As shown in Fig. 2(b) , the first-order SRS of the 1064-nm laser is clearly observed in the spectrum. Hence, we can employ the 1064-nm laser spikes to generate the 1120-nm pulses through the SRS process. On the other hand, in order to verify whether the SBS occurred throughout the experiment, we observed the optical spectrums carefully in the experiment, and found no evidence of the Brillouin frequency shift (around 0.06 nm at 1064 nm). Besides, we also analyzed the details of pulses for different pump powers and found no similar pulse shapes, as observed in [10] , to prove the occurrence of SBS.
In the next place, we necessarily analyze the fine structures of the 1064-nm laser spikes at the different pump powers. The analysis results suggest that, once the laser spike occurs, almost every single intensity spike consists of a certain number of subpulses with the approximately same time interval, and that the subpulse interval doesn't change with the increase of the pump power. Further analysis shows that the subpulse interval is approximately equal to the round-trip time determined by the distance between the LR1 and opposite port of the YDF in the amplifier, which is defined as the effective interaction length (EIL). In the experiment, the EIL is estimated to be about 4.5 m, and hence the corresponding round-trip time is about 44 ns (assuming that the effective group index of the 1064-nm laser is about 1.45). Fig. 3 presents the typical temporal traces of a single 1064-nm laser spike at the different pump powers.
Furthermore, in order to analyze more fully the relation between the subpulse interval within the laser spike and the round-trip time determined by the EIL, we change the magnitude of the EIL to be different values and check whether the relation of approximate equality satisfies for other EILs. By adding different lengths of matched passive fibers between LR1 and the YDF in the amplifier, we change the magnitude of the EIL to be about 5.5 or 33 m. Then the typical fine structures of the 1064-nm laser spikes for the different EILs are presented in Fig. 4 . It can be found that the laser spike is also typically comprised by a certain number of subpulses at other different EILs. More importantly, the aforementioned relation of approximate equality between the subpulse interval and round-trip time in the amplifier also satisfies for other EILs. Therefore, we believe that the qualitative process of the laser spike generation observed in the experiment can be elucidated by the following simplified model. First, when the backward pump power enters into the laser cavity and exceeds the laser threshold, the 1064-nm laser starts to operate. Because the laser output power is weak at the moment, the forward laser entering into the amplifier is not large enough to deplete evidently the backward pump power so that the pump power entering into the laser cavity suffers little change, as well as the effective intra-cavity gain experienced by the laser. Therefore, the dynamics of the 1064-nm laser presents as the typically sustained relaxation oscillation in the laser [10] , [11] . However, when the pump power increases further, the laser output power increases simultaneously and grows rapidly along the amplifier. As a result, the forward laser power follows the approximately exponential increase along the amplifier. Meanwhile, the backward pump is depleted evidently along the amplifier, especially near the input port of the pump. Hence, the backward pump power decreases along the amplifier and gets to the minimum near the input port of the pump, and then resumes sharply to the originally injected value at the input end. Because the intra-cavity active gain is proportional to the pump power entering into the laser cavity, it begins to decrease once the forward output laser starts to deplete the backward pump power along the amplifier, and keeps decreasing until the most depleted portion of the pump (corresponding to the minimal pump power) enters into the laser cavity. Then, it resumes to the original value due to the recovery of pump power. This process repeats itself with a period equal to the round-trip time of the EIL, which is very similar to the relaxation oscillation in the process of SBS amplification [12] , until the inversed population in the laser cavity is mostly extracted out by the 1064-nm laser. Thus, one 1064-nm laser spike with intensity modulation is generated. Therefore, the mechanism responsible for the 1064-nm laser spike generation can be attributed to the gain switching of the 1064-nm laser cavity induced by the interaction between the amplifier and laser cavity.
1120-nm Pulse Generation
Based on the experimental results and discussions presented in Section 3, we have learned that the generation of 1064-nm pulses can be realized by employing the self-pulsed configuration shown in Fig. 1(a) . Moreover, the peak power of the 1064-nm pulses is high enough to stimulate the first-order Raman stokes component at an available pump power, as shown in Fig. 2(b) . Therefore, we can use the self-gain switched 1064-nm laser spikes to generate the 1120-nm pulsed laser. In order to prove the feasibility of this idea, here we design the experimental configuration presented in Fig. 1(b) . For the sake of simplicity of the configuration, we employ the hybrid-cavity configuration so that the 1120 and 1064-nm laser signals could share the same YDF together. It should be noted that the configuration given in Fig. 1(b) is absolutely not the most efficient one, but is able to prove the feasibility of using the self-gain switched 1064-nm laser spikes to generate the 1120-nm pulsed laser. Moreover, as mentioned above, HR2 (with the reflectivity > 99.8%) is located between the amplifier and hybrid-cavity part, exactly opposite to HR1, to make sure that the amplifier interacts mainly with the 1064-nm laser cavity. Therefore, as shown in Fig. 1(b) , the 1120-nm pulsed laser emits mainly from the left side of the system which is determined as the output port. Furthermore, it is found in the experiment that the temporal characteristics of the 1064-nm laser signal emitted from the rightward port of the system, including the pulse shape and repetition rate, is approximately the same with the experimental results presented in Section 3 which is obtained from rightward output port of the configuration in Fig. 1(a) . Hence, because the 1120-nm pulsed laser emits mainly from the left side, we pay our attention on the output property from the leftward port. All the data presented below are measured from the leftward output port. In the experiment, we employ two different 1064 and 1120-nm optical filters to resolve the 1064 and 1120-nm laser signals, respectively. Moreover, limited by the amount of the available fast detectors (with the bandwidth larger than 1 GHz), we have to measure the temporal traces of the 1064 and 1120-nm laser signals, respectively.
In the experiment, with the pump power increasing, the 1064-nm laser first starts to operate, as observed in the output optical spectrum of the system without any filters. The 1064-nm laser threshold is approximately equal to that presented in Section 3. As mentioned above, the 1120-nm pulsed laser is mainly pumped by the 1064-nm laser spikes through SRS. Only when the Raman gain exceeds the total loss in the laser cavity, the 1120-nm pulsed laser starts to oscillate with a narrow spectral linewidth determined by the two 1120-nm FBGs. Moreover, based on the experimental results presented in Section 3, we learn that the 1064-nm laser spikes possess high enough peak power to effectively trigger the first order SRS which is featured by a wide spectral packet. However, even when the first order SRS of the 1064-nm laser spikes occurs, the 1120-nm pulsed laser will not start operation if the Raman gain is less than the cavity loss. In the experiment, we observed the 1120-nm laser spectral peak and the wide spectral pedestal almost simultaneously when the pump power increases continually up to about 1.5 W. It means that the Raman gain exceeds the cavity loss for the 1120-nm pulsed laser once the 1064-nm laser spikes emerge. With the two 1064 and 1120-nm optical filters, the respective evolutions of laser output powers at 1064 and 1120 nm as a function of pump power are shown in Fig. 5(a) . It should be noted that, due that both the transmissivities and 3 dB bandwidths of the 1064 and 1120-nm filters are different, the power data for the two wavelengths shown in Fig. 5(a) don't correspond to the real power distributions from the output port and can only be used to depict the respective trends of power evolution as the pump power increases.
From Fig. 5(a) , we learn that, the average 1064-nm output power tends to saturation gradually with the pump power increasing. It indicates that most of the energy of the 1064-nm pulse is transferred to the 1120-nm one through the SRS process. On the other hand, for the 1120-nm laser, its average output power almost increases linearly in the range of pump power available. However, from the linear regressions for the 1120-nm power curve, it is found that the growth rate appears to decrease with the pump power increasing, which may be attributed to the second order SRS caused by the 1120-nm pulses with high enough peak power. Fig. 5(b) shows the optical spectrum obtained from the output port of the system without any filters at the pump power of 3.7 W. As mentioned previously, the second order SRS is clearly observed in the spectrum and the whole spectrum covers a wide spectral range of more than 150 nm.
For the 1064-nm laser, when the laser spikes occur, its self-pulsed dynamics is similar to the results presented in Section 3, and not elucidated again here. Fig. 6 presents the time evolutions of the 1120-nm laser output for different pump powers over 1.5 W. As a result of the SRS, the 1120-nm pulsed laser inherits the similar temporal characteristics from the 1064-nm laser, presenting that there is an increasing number of pulses and that the inter-pulse interval keeps decreasing as the pump power increases. For the sake of analyzing the relation between the temporal characteristics of 1064 and 1120-nm pulses with respect to the pump power, Fig. 7 depicts the mean value and standard variance of the pulse interval as a function of the pump power for both the 1064 and 1120-nm lasers.
As shown in Fig. 7 , the mean value and standard variance of the pulse interval for the 1120-nm laser present the similar evolution tendencies with those for the 1064-nm laser, proving further that the 1120-nm pulses inherits the similar temporal characteristics from the 1064-nm laser spikes through the SRS process. Moreover, both the mean value and standard variance of the pulse interval keep decreasing with the pump power increasing for the 1064 and 1120-nm lasers, which can be explained as follows. On the one hand, as elucidated previously, the time interval between the two adjacent 1064-nm laser spikes corresponds to the recovery time of inversed population in the upper laser level which is inversely proportional to the pump power. Therefore, with the pump power increasing, the pulse interval keeps decreasing for the 1064-nm laser spikes, as well as the 1120-nm pulses. On the other hand, as observed in the experiment, there exists an evident pedestal with a wide spectral range of 30$40 nm around the 1064-nm spectral peak, which is resulted from the amplified spontaneous emission (ASE) process. Hence, the recovery time of the inversion population in the upper laser level during the time interval between two neighboring laser spikes is consequentially influenced by the ASE process, and presents random fluctuation to a certain extent. With the pump power increasing, the average photon densities of the 1064 and 1120-nm lasers in the cavity increases continually, resulting in the suppression of the ASE process. As a result, the fluctuation amplitude of the pulse intervals for the 1064-nm laser keeps weakening with the pump power increasing, as well as the 1120-nm laser. Based on the analysis above, it indicates that the pulse interval of the 1120-nm pulse train is not quite stable with a fluctuation of the period as much as 10% at the maximum pump power available. Hence, methods of enhancing the stabilization of the pulse interval are necessary, among which modulation of the pump power in resonance with the repetition rate may deserve to have a try [13] .
At last, we analyze the detailed pulse shapes for the 1064 and 1120-nm lasers. Though we cannot measure the temporal traces of the 1064 and 1120-nm pulses simultaneously, we have recorded a large amount of pulse shapes for both the 1064 and 1120-nm laser at the different pump powers. With careful comparison among these experimental results, it is found that both the 1064 and 1120-nm pulse shapes don't change evidently with the pump power increasing. Fig. 8 presents the typical shapes of the 1064 and 1120-nm pulses at the pump power of 3.7 W. It is seen clearly that there are a number of hollows with different amplitudes distributed in disorder on the top of the main subpulse within the 1064-nm laser spike, and that the 1120-nm pulse shape is featured by one main peak plus several sub-peaks on a relatively wide pedestal which possesses a width slightly less than that of the main subpulse of the 1064-nm laser spike. Therefore, the mechanism responsible for this can be qualitatively interpreted as the interaction between the active amplification and accompanied SRS processes of each 1064-nm laser spike, which is similar in principle with the relaxation oscillation process in laser dynamics [11] . During the active amplification process of a single 1064-nm pulse, once its peak power passes through the Raman threshold, the energy of the 1064-nm pulse is rapidly, usually in a time scale of several nanoseconds, transferred to the 1120-nm one through the SRS process until the peak power decreases to be lower than the Raman threshold, leading to the generation of one intensity peak within the 1120 nm pulse shape. Then, the active amplification process dominates and makes the peak power of the 1064-nm pulse building up continually. The mentionabove process keeps repeating during the pulse duration of the 1064-nm pulse which is typically on the order of tens of nanoseconds or longer, finally resulting to the peculiar shape of the 1120-nm pulse. Moreover, the location of the main peak on the shape of the 1120-nm pulse corresponds to the time when the active gain experienced by the 1064-nm pulse is the maximum.
Furthermore, In order to evaluate the average pulse width of the 1120-nm pulses, we calculate the average power-autocorrelation curves for the 1120-nm pulses at the different pump powers. We learn that the power-autocorrelation function CðÞ ¼ hPðt À ÞPðt Þi=hP 2 ðt Þi, and
wherePð!Þ is the Fourier transform of the power distribution Pðt Þ, and the F À1 represents the corresponding inverse Fourier transform. Hence, the calculated results are presented in Fig. 9(a) . The full widths at half maximum (FWHM) of the average power-autocorrelation curves for the 1120-nm pulses at the different pump powers are evaluated to be 1 $ 2 ns and present no evident variation tendency with the pump power increasing, as presented in Fig. 9(b) . Moreover, we also measure the average pulse width directly from the 1120-nm pulse shapes at different pump powers. The average FWHM of the pulse shapes also presents no evident variation tendency with the pump power increasing, and fluctuates randomly around 1.5 ns. Thus, the average FWHM based on the pulse shapes is approximately equal to the result (about 1$2 ns) shown in Fig. 9(b) . Although the pulse shapes at 1120 nm present difference between each other, they possess a common feature, namely one main peak plus several sub-peaks on a relatively wide pedestal. Therefore, we can use the typical pulse shape shown in Fig. 8(b) to calculate the average peak power by using the relation R Pðt Þdt ¼ E pulse ¼ P av T av , where P av is the average output power and T av is the average pulse interval. As shown in Fig. 5(a) , the average output power of the 1120-nm pulsed laser after the filter is about 100 mW at the maximum pump power of 3.7 W. Because the average pulse interval of the 1120-nm pulses is about 110 s, the average peak power of the 1120-nm pulses is calculated to be about 4.5 kW after the optical filter. Furthermore, as clearly observed in Fig. 5(b) , the second-order SRS has emerged, indicating that the average peak power of the 1120-nm pulses in the cavity has exceeded the Raman critical peak pump power. Due that the average pulse width of the 1120-nm pulses is larger than 1 ns, the walk-off length between the 1120-nm and its stokes pulse is much larger than the length of the YDF (about 3 m) in the laser cavity, suggesting that the group velocity dispersion effect are negligible for such pulses and the CW theory is approximately valid in this quasi-CW regime [12] . Hence, the Raman critical peak power of the 1120-nm pulses can be calculated by using the typical Raman threshold equation obtained in the CW regime [14] . On the other hand, because the YDFs and the two pairs of FBGs are not polarization-maintaining so that the polarization in the system is completely scrambled, the Raman critical peak power should be increased by a factor of two [12] . As a result, with the total length of the 1120-nm laser cavity about 4 m, the effective modal area about 145 m 2 for the 10/130 YDF, and the Raman gain g R at 1120 nm about 8.9e À14 m/W [12] , the average peak power of the 1120-nm pulses in the cavity is calculated to be larger than 13 kW at the pump power of 3.7 W. Higher peak power can be obtained straightforwardly by increasing the pump power available.
Conclusion
In conclusion, we have demonstrated a simple and passive method to generate nanosecond pulses at 1120 nm with all-fiber hybrid-cavity configuration. The average peak power of 1120-nm pulses is calculated to be about 4.5 kW, and more significantly, the average pulse width is about 1$2 ns. Furthermore, this scheme can be easily applied to obtain nanosecond pulses at the longer wavelengths, such as 1178 nm, through the cascaded stimulated Raman scattering and hybrid-cavity configuration. Meanwhile, this method can also find potential in both Er-and Tm-doped fiber lasers to generate nanosecond pulses with high peak power and short pulse width.
